Introduction epithelium, 22 and lacZ gene expression in mice skeletal In vivo gene transfer within the arterial wall may constimuscle persisted for 1.5 years after AAV CMVlacZ tute an attractive method both to study the role of specific administration. 27 These results suggest that AAV-based gene products in vascular pathophysiology and for the vectors can persist stably in vivo and appear to be safe delivery of local therapeutic gene products. Arterial gene transducing agents. transfer with either marker genes or genes of biological
In the present study, the feasibility of rAAV-based interest has been reported by several groups. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Gene gene transfer to the vessel wall via intraluminal administransfer to blood vessels has been accomplished by sevtration was examined by studying the potential of rAAV eral vectors which each have specific limitations. Retroencoding the reporter gene, lacZ, to transduce smooth viral vectors and DNA liposome conjugates have a low muscle cells and endothelium cells in vitro and vessel efficiency, transfecting only 0.1-5% of vascular endowall components in vivo. thelial and smooth muscle cells. 12 Adenovirus vectors efficiently transfer genes into cells of both injured and uninjured vessels, but expression of the transgene is transient. 13 Optimal vectors for vascular cell gene transfer
Results
should combine high efficiency with long-term expression and adequate safety.
Adeno-associated virus (AAV) vectors have several
In vitro AAV-lacZ infection of SMC and HUVEC cells desirable characteristics for gene therapy. AAV is ubiquiTo test the feasibility of gene transduction by rAAV, a tous in humans and appears to be nonpathogenic. AAVlacZ reporter gene under the control of the cytomegalobased vectors contain only the two AAV terminal repeats virus (CMV) immediate-early promoter was inserted into necessary for replication, packaging and integration, 14 an AAV vector. To assess the ability of recombinant AAV but no viral coding sequences which could induce to infect and express foreign genes in vascular cells, rat immune responses to viral translation products. 15, 16 AAV smooth muscle cells (SMC) and human umbilical vein vectors efficiently transduce many cell types in vitro, [17] [18] [19] [20] [21] [22] endothelial cells (HUVEC) were cultured in vitro, and without requiring active cell proliferation, 23 although subconfluent cultures (10-20% confluent) were infected the transduction frequency increases when primary with rAAV-lacZ. After 1 h infection with 10 6 infectious cells have entered S phase. 24 In vivo, recombinant AAV units (IU) of recombinant AAV-lacZ (multiplicity of (rAAV) transduced rodent neurons and glia for up to infection (MOI) of 10), the virus was removed and cells 4 months, [24] [25] [26] vector DNA was detected 6 months after maintained in culture for 24 h. Cells were fixed and stained with X-gal for ␤-gal. Between 5 and 10% of exposed cells of both types expressed the lacZ transgene, establishing that viral uptake and rAAV-mediated gene cells and endothelial cells in vitro (Figure 1 ). In vivo AAV-lacZ infection of rat carotid arteries (10 6 IU injured, 10 7 IU injured and noninjured, see Table  1 ). Thus, in each group, ␤-gal expression was detected 4, AAV-mediated lacZ gene transfer was assessed in rat carotid arteries across the internal elastic lamina in the 10 and 20 days after infection in both injured and noninjured arteries. The number of ␤-gal-positive cells was intact vessel wall and in the neointima following deep vascular injury. One hundred microliters of CsCl purified weak at 4 days while intense staining was noted at 10, 20 and 30 days in injured arteries ( Figure 2A , Table 1 ). rAAV-lacZ (10 8 and 10 7 IU/ml) were delivered under constant pressure into the lumen of the common carotid
In each case, staining in injured carotid arteries was stronger than in noninjured arteries. Interestingly, ␤-gal artery (see Materials and methods). Animals were killed 5-30 days after infection, and the carotid arteries were expression was observed both in the media and the adventitia, where the staining intensity was the highest. harvested and fixed for ␤-gal staining. All segments were stained overnight in X-gal in exactly the same conditions
The cellular and tissue morphology within the AAVperfused vessel fragment was intact and free from to exclude the possibility that differences in ␤-gal staining were not due to differences in duration of exposure to Xinflammation. There was no evidence of adventitial gene transfer outside the area immediately adjacent to the gal and reflect actual differences in gene transfer. Two series of animals were infected with two different rAAVinstilled vector solution.
In control experiments, injured rat carotid arteries were lacZ stocks. In the first one, 10 7 IU rAAV was administered to three injured and three noninjured carotids. In simultaneously exposed to different concentrations of adenovirus CMV-lacZ, using the same procedure. ␤-Gal the second series, 10 6 IU rAAV was administered to four injured and four noninjured carotids ( Table 1 ). The illusexpression was undetectable in arteries exposed to 10 7 IU of Ad-lacZ. In arteries exposed to 10 8 IU, few transduced trations in Figure 2 correspond to the same experimental data presented in Table 1 (day 20, 10 8 IU/ml or 10 7 cells were detected 10 days after infection and no ␤-gal expression was detected after 20 days. Optimal total IU).
The experiments were performed by injecting 14 differexpression of ␤-gal was observed 4 days after infection with 10 10 IU/ml adenovirus. In these arteries, blue-stainent animals with either of two different viral doses (10 6 and 10 7 IU) yielding consistent results in that the rAAV ing cells were confined to the media of the vessel wall ( Figure 2B ). transduction of rat carotid arteries, assessed by ␤-gal reporter gene expression, was observed in all segments of all animals for at least 20 days (six of six injured artery Discussion segments from six different animals and six of six noninjured artery segments from six different animals) or even This study demonstrates the feasibility of AAV-mediated gene transfer within the rat carotid artery in vivo. Intraluuntil 30 days in the case of injured arteries. The observation that ␤-gal activity (hence gene transfer) is initially minal infusion of the ␤-gal containing AAV resulted in transduction and expression of the marker gene both in weak (day 4) and stronger at later time-points (day 10 onwards) has been observed in three of the four cohorts medial and adventitial cells. A total dose of 10 6 to 10 7 IU of rAAV allowed efficient transfer, while equivalent gene inflated balloon removes the intima and causes significant damage to the media, 28 thereby allowing relatively transfer with adenovirus vector required a total dose of 10 9 p.f.u. 13 Diffusion of the virus from its site of infusion large viral particles to have access to the medial layers. Although gene transfer occurred in both injured and within the lumen is the likely route of AAV dissemination into the different cell layers expressing the marker noninjured arteries, the efficiency of transduction appeared to be higher in the former. This might be due gene. There is apparently a clear difference between dissemination of adenovirus and AAV vectors. Our results either to the fact that access to the media and the adventitia was facilitated by destruction of the intima with adenovirus vectors are in agreement with previous data from Lee et al, 4 showing that adenoviral vectorwith the balloon, or to a higher transduction efficiency with AAV of proliferating smooth muscle cells. 29 The mediated gene transfer into balloon-injured rat carotid arteries is limited to the media, suggesting that adenocapacity of AAV to infect smooth muscle cells and adventitia suggests the possibility of interfering with virus particles are unable to penetrate through the full thickness of the media. Our AAV-mediated gene transfer smooth muscle cell proliferation during restenosis by gene transfer approaches. Recent reports demonstrated transduced both the media and the adventitia of noninjured and injured rat carotid arteries. This different distrithe involvement of the adventitia in the vascular repair process after medial injury in porcine coronary bution of the two vectors might reflect the difference of size between the two virions. Adenovirus particles have arteries 30, 31 in which stenosis was caused predominantly by constrictive vascular remodeling rather than by neoina diameter of 100 nm while AAV has a smaller diameter of 20 nm. In the rat carotid model, the passage of an tima formation. Furthermore, vascular injury induced proliferation and migration of adventitial fibroblasts, Production of Ad-lacZ Highly purified Ad-lacZ was produced and stored as preaccompanied by their phenotypic transformation to myoblasts. 32 The fact that AAV is able to target the adventitia viously described. 35 The titer of the purified viral stock was determined by histochemical assay for ␤-gal. also suggests its potential use for gene transfer to the outer layers of the vessel wall, to control vascular remodeling and stenosis.
In vitro transduction of SMC and HUVEC cells The fact that expression of ␤-gal is detected 30 days Rat aortic smooth muscle cells (SMC) and human umbiliafter vector delivery is indicative of a long-term gene cal vein endothelial cells (HUVEC) were harvested as expression in rAAV-transduced vessels. Persistence of previously described. 36 SMC were grown in DMEM rAAV vectors has previously been demonstrated in monmedium (GIBCOBRL, Life Technologies, Gaithersburg, key airway cells and in mouse skeletal muscle. 15, 27 In MD, USA) supplemented with 10% fetal calf serum (FCS) these models, rAAV did not induce cell-mediated (GIBCO). HUVEC cells were grown in M199 medium immunogenicity and persisted in a high molecular (GIBCO) supplemented with 2 mm l-glutamine, 20 mm weight genomic DNA suggestive of vector integration.
Hepes, containing 10% FCS and 10% human serum. SMC In the rAAV-transduced vessels ␤-gal activity and HUVEC cells were grown at 37°C under 5% CO 2 and increased between days 4 and 20. The most likely explawere passaged using trypsin digestion. Confluent culnation for this gradual increase is that a certain threshold tures of rat SMC and HUVEC cells were infected with level of ␤-gal expression is required before detection of 10 6 recombinant AAV-lacZ (MOI of 10); after 1 h, the ␤-gal activity is manifest and that there is a lag period virus was removed and cells maintained in culture for before this threshold is reached. This delay may in turn 24 h. Cells were fixed and stained with X-gal solution be determined by the copy number of rAAV genomes (Boehringer) to detect the presence of ␤-gal. inside the transduced cells. This hypothesis is consistent with our observations that transduction of injured vessels
Infection of rat carotid with rAd-lacZ at high MOI (10 10 IU/ml) led more rapidly Wistar rats (300-350 g body weight) were anesthetized to maximal ␤-gal activity on day 4. Indeed, at these 100-by intraperitoneal injection of pentobarbital (50 mg/kg). to 1000-fold higher MOI, the intracellular copy number
The distal right common carotid artery and the external of recombinant adenoviral genomes is presumably much carotid artery were exposed through a midline incision higher than the rAAV copy number. Another possible in the neck. In order to perform local injury, the right explanation is that cells transduced with rAAV would common carotid artery was denuded of endothelium by have proliferated to populate the vessel wall. This seems intraluminal passage of a 2F Fogarty embolectomy cathless likely, however, since at the later time-points, there eter (Baxter, Irvine, CA, USA) introduced through an was little expression seen in the neointima.
arteriotomy in the external carotid artery. The catheter In summary, although balloon injury in rat carotid was filled with 50 l of saline and passed back and forth arteries only models some aspects of the human disease, three times in order fully to denude the vessel. Following the present study suggests that a gene transfer strategy local injury, 100 l of CsCl purified rAAV was adminisusing rAAV has the potential to be a useful technique for tered into the common carotid artery by means of a silasvascular gene therapy. tic 2FG catheter (Baxter) and equilibrated under gentle constant pressure for 20 min in the isolated vessel segment. The external carotid was ligated after removal of
Materials and methods
the catheter, and the incision closed. Animals were killed 5-30 days after infection and the carotid arteries were Construction of recombinant AAV-lacZ plasmid removed and fixed for ␤-gal staining. pdxSlacZ was constructed by inserting the EcoRI-SalI fragment of pCMV␤ (Clontech, Palo Alto, CA, USA) into ␤-Gal detection the NsiI-SnaBI sites of pdX11 33 after end filling with the Cells cultured in vitro were washed with PBS and fixed Klenow fragment of DNA polymerase I.
with 2% formaldehyde and 0.2% glutaraldehyde for 5 min at 4°C. The cells were then incubated in a freshly Production of rAAV-lacZ virus prepared X-gal solution (1 mg/ml X-gal, 1.64 mg/ml potRecombinant AAV stocks were generated as previously assium ferricyanide, 2.12 mg/ml potassium ferrocyanide described. 34 Briefly, 293 cells were cotransfected and 2 mm MgCl 2 ) at 37°C for 2-16 h. (lipofection using DOTAP, Boehringer, Mannheim, Carotid arteries were harvested ex vivo and fixed in Germany) with the pdxSlacZ and pAAV/Ad 14 plasmids. 0.5% glutaraldehyde for 2 h, washed overnight in PBS Twelve hours after transfection, the lipofection medium and submerged in X-gal solution for 8-12 h. The arteries was replaced with DMEM containing 2% fetal calf serum were washed several times in PBS, embedded in paraffin, and adenovirus strain dl309 at an MOI of 3-10. Cells were sectioned, stained with Fast red and mounted. harvested after full cytopathic effect had developed (within 40 h after transfection), disrupted by four freezeNote added in proof thaw cycles and centrifuged on a two-step CsCl gradient
In one animal with 10 7 IU rAAV-lacZ intense ␤-gal ( = 1.37/1.50 g/ml) for 36-48 h at 280 000 g in a Beckman expression was observed after 6 months. SW 41 rotor. The virus was desalted by dialysis and heattreated at 56°C for 1 h to inactivate contaminating adenovirus. AAV titers were determined by histochemical 
